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Abstract

Total-Body (TB) PET/computed tomography (CT) provides a substantial gain in the physical
sensitivity of PET, leading to vastly improved image quality or can enable imaging applications
that are either not possible with conventional PET or suffer from poor signal-to-noise. The
paradigm-shifting promise of TB-PET/CT lies in its capability to perform dynamic, delayed, and
low-dose imaging, which have the potential to increase the range of diseases and disorders that
can be investigated or managed using PET. Here we discuss the use of TB-PET/CT and describe
protocols that take advantages of this unique innovation applied to the needs of the pediatric
population.

Introduction

Following developments in the EXPLORER Consortium, in December 2018 the first Total-
Body (TB) PET/CT system obtained FDA 510(k) clearance and became commercially
available in the US. The main concept underlying this revolutionary idea was to extend the
axial field-of-view (FOV) of PET from 16-30 cm, which had been used in conventional
whole body (WB) PET/CT scanners, to 194 cm—an axial length long enough to
simultaneously image the entire body?. This dramatic increase in the PET system’s axial
length corresponds to a significant increase in the total detector volume, which now
surrounds the entire patient body. The elongated PET geometry and increase in detector
volume lead to a substantial increase in the system’s signal detection efficiency when
compared to current conventional PET/CT scanners (approximately 40 times more)2. This
gain has the potential to significantly improve PET imaging procedures in pediatric patients
in several ways: (1) reduction of acquisition time (whole body scan < 1 minute), or (2)
reduction in administrated activity (as low as 1/20t" of the standard dose), or (3) delayed
imaging (up to 6 radiotracer half-lives), (4) if using conventional uptake time, scan time,
and injected dose regimens, providing reconstructed images with much improved signal-to-
noise ratio and therefore superior image spatial resolution and quality or (5) an optimized
combination of those 3. Furthermore, TB-PET/CT allows imaging the entire body function
at the same time, with a temporal resolution less than 1 second per imaging frame 4,
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which has profound advantages for whole body dynamic imaging applications. In this
contribution, we review each of these benefits in turn, but given its current dominant place
in the application of pediatric PET we start by separately discussing the potential benefits in
oncologic applications.

Pediatric oncology:

Pediatric patients are frequently diagnosed with malignant diseases that are diffuse in the
pattern of involvement. For example, hematologic malignancies such as lymphomas and
leukemias, which involve the bone marrow and the associated organs such as the lymph
nodes and spleen, account for a large number of pediatric cancers.> In addition, pediatric
solid tumors can metastasize to many different sites and often children must be assessed
for disease in several different parts of the body. Therefore, a modality that allows image
acquisition of the entire body will provide significant advantages in the management of
such patients. Recent developments of data analysis schemes that provide segmentation of
the entire skeleton will likely be well suited for analyzing data generated by TB PET/CT
imaging instruments.® Such approaches have been adopted for image analysis in patients
with multiple myeloma and other adult hematologic diseases that primarily involve the bone
marrow throughout the skeleton.”

Currently, PET/CT with fluorodeoxyglucose (FDG-PET/CT) is recommended for staging,
restaging after neoadjuvant chemotherapy and follow up of pediatric bone and soft tissue
tumors, including Ewing Tumor and Osteosarcoma.8 For tumors such as germinal cell
tumors, hepatoblastoma and brain tumors, conventional FDG-PET/CT can be used to assess
for the presence of recurrence. Furthermore, PET/CT with other imaging agents has great
potential in theranostic imaging applications, and could have immediate impact in the near
future in patients such as the subset of neuroblastomas that show no MIBG (iodine-123
metaiodobenzylguanidine) uptake but that are candidates for targeted therapy based on
diagnostic imaging results, e.g. Lutathera and its imaging diagnostic correlate Ga68-labelled
DOTA peptide SSTR receptor.210 In all these cases, the improved image quality that

can be provided by TB-PET/CT has the potential to increase test sensitivity and (more
speculatively), to improve test specificity by improving anatomic localization or by means of
parametric imaging/kinetic modelling.

TB PET/CT will also bring significant advantages for imaging research applications in
pediatric oncology, by offering the potential for very significant reductions in radiation dose,
by enabling studies that could not be done using conventional PET due to low signal or by
improving the data quality in current protocols. Lastly, TB-PET/CT imaging protocols using
rapid acquisitions may eliminate current logistical barriers in patients who otherwise may
require anesthesia to mitigate motion artifacts in long duration scans.

Imaging Faster

The increase in the axial FOV with TB-PET has two distinct advantages that could allow
for significantly shorter imaging times. First, the long cylindrical geometry of TB scanners
increases the amount of signal captured by detecting annihilation photons that are emitted
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with oblique angles. The magnitude of this increase in the scanner’s detection efficiency
will also depend upon the patient size and, based on simulation results of an adult-sized
phantom, is approximately a 4x fold increase in signal per axial slice. The second advantage
of TB-PET over conventional PET instruments is rather straightforward; because of the
scanner’s extended axial coverage, only a single bed position is needed. To assume that
conventional PET scanning requires 2 minute bed positions to produce adequate image
quality, a 30 second image acquisition with TB-PET could be sufficient to provide images
with an axial slice with roughly matched signal. Recent imaging reconstruction experiments
using data obtained in list-mode from human subjects have demonstrated that whole body
imaging can be performed in less than one minute. The quality of images generated is not
significantly different from that of a conventional PET/CT scanner.3:11

TB-PET for fast whole-body scanning may eliminate the need for anesthesia in patients
able to stay still for sort period but not for the duration of a conventional PET/CT scan.
Avoiding anesthesia reduces the risks associated with sedation and intubation, especially for
those children that require multiple imaging evaluations during their therapy and disease
evaluation. This may enable scanning in outside facilities where sedation is not an option.
This procedure can be facilitated using the help of a child life specialist, motivating the
children to stay still during acquisition. For such a dedicated short acquisition (in the order
of 30-60 seconds), the pediatric protocol needs to include the current dose regimen (for
example, 0.1-0.15 mCi per kg up to 8 mCi for FDG). The administered amount of activity
may be reduced in proportion to the degree of compliance of the patient to the increased
scan time.

Low-Dose Imaging

With the advances made in managing many malignancies, it has been estimated that about
84% of pediatric patients survive their cancer for at least 5 years, compared with only 58%
in the mid 1970s.12 Obviously, the survival mostly depends on the type of cancer and the
stage of the disease at diagnosis but overall the prognosis has improved for most patients. By
now it is well established that exposing pediatric subject to radiation may lead to increased
risk of developing secondary malignancy in the future. However, radiation exposure due

to frequent performance of diagnostic imaging procedures has accelerated over the past 10
years. Several disciplines in medicine have been advocating for moderation of radiation
exposure in the pediatric population. In particular, the Image Gently Campaign began in
2008 and has been successful in increasing radiologist awareness of the importance of
decreasing the radiation dose to the pediatric population.

Several pediatric cancers (e.g., Ewing tumor/Osteosarcoma), inflammatory/infectious
conditions (e.g., chronic granulomatous disease) and hereditary diseases (e.g., Li-Fraumeni
syndrome) may benefit from PET/CT scans for longitudinal follow-up and screening
purposes. For example, a diagnostic scheme for many pediatric malignancies may include
3to 4 PET/CT scans. One PET/CT is usually acquired at staging; a second PET/CT is at
mid-treatment (eg. after 2"d chemotherapy cycle for lymphoma) or after neoadjuvant therapy
and a third PET/CT after completion of therapy. Often the child may be rescanned a few
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months or years later when there is high risk of tumor recurrence or when clinical indicators
or laboratory test results are suspicious for disease relapse.

Older children and adolescent patients may be able to maintain stillness to the same degree
as adults and for this population, particularly where repeated scanning is indicated, it may
be appropriate to use TB-PET/CT with a scan time of, say, 20 minutes but with substantially
reduced administered activity. However, the lower limit of injected activity remains to be
determined and will almost certainly vary by body habitus; for example, for smaller patients,
high spatial resolution is desirable, and this will be negatively impacted by the use of less
injected activity. Another concern for very low injected activity protocols is the proper
administration of the radiotracer, because technologists may be less experienced in the
accurate handling of such small amounts of radioactive material.

If appropriate, such protocols may be coupled with a super-low dose CT scan for attenuation
correction 13, with the trade-off between low dose and CT image quality being duly noted.

More speculatively, the ability to image with low dose has the potential to broaden the scope
with which molecular imaging may be applied. For example, at low doses, the risk to benefit
ratio may become much more favorable in musculoskeletal imaging and it is possible to
imagine how, say, inflammation imaging could play a role in the management of adolescents
and young adults undergoing ligament repair following trauma; there may also be benefits in
the management of pediatric patients suffering from autoimmune diseases.

Delayed Imaging

The TB-PET geometric sensitivity gain can be used to scan several half-lives after
radiotracer administration. Preliminary data acquired at UC Davis (Figure 1) and at the
University of Pennsylvania 11confirmed the feasibility of obtaining diagnostic quality scans
many hours after FDG injection. The possibility of delayed imaging over several half-lives
is now a reality in the field and it may provide additional clinically useful information and
increase tumor detectability in patients with cancer. Different organs and pathologic entities
are characterized by different uptake and washout over time. For FDG, at delayed time
points the radiotracer concentration in the background tends to decrease, whereas its uptake
within tumors is shown to increase substantially.141> Therefore, delayed imaging may allow
improved detection of small tumor. For example, it is possible to recognize tumor recurrence
after radiation therapy in organs that are highly FDG avid such as the brain. Delayed
imaging of the brain has shown substantially reduced activity, compared to a standard scan
obtained at 60 minutes after radiotracer injection (Figure 2). This may improve detection

of recurrent brain tumors. In contrast, inflammatory lesions are often characterized by

early wash out.1® Therefore, on delayed images, tumor may appear more prominent while
inflammatory changes may be less conspicuous. This could allow differentiation of radiation
therapy induced inflammatory changes and tumor recurrence.

The possibility of scanning at delayed time points also open the door to adopting novel
radiotracers that may play a major role in assessing children with benign and malignant
disorders. It will facilitate the use of radiotracers with short half-lives, such as those labeled
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with O-15, C-11 or N-13. TB-PET/CT may also allow detection of activity several weeks
after injection of radiotracers with longer half-lives such as Zr-89 16.

Improved Image Quality

The increase in signal-to-noise ratio provided by TB-PET improves both the contrast of
small structures and the uniformity of large structures (Figure 3). As such, the detection

of small and/or low-contrast normal structures as well as disease sites is improved. In our
recent experience, we were able to better identify several anatomical structures such as the
spinal cord, the pituitary and adrenal glands, as well as small soft tissue tumor deposits
(Figure 4). The improved resolution gained by this approach opens the door to a more
precise quantification of small structures. For example, the uptake in the adrenal glands at
60 minutes in normal subjects is often higher than the liver background. On conventional
PET/CT scanners (particularly the older models), the adrenals are difficult to resolve and
often their level of uptake is underestimated due to the partial volume effect.

The improved uniformity leads to improved assessment of the larger organs. For example,
the increase signal to noise ratio decreases the apparent heterogeneity of uptake within the
liver and therefore improves the overall performance of FDG-PET in this organ. In our
experience with TB PET/CT, the prevalent random foci of apparent uptake in the liver due
to background noise has been low, both decreasing the false positive/uncertain results and
facilitating the detection of small metastases.

An improvement in the known role of FDG-PET/CT in assessing therapy response is also
seen using TB PET/CT. For example, as shown on Fig. 5, we were able to detect small
photopenic areas within the homogenously activated bone marrow.

The improved image quality may also redefine the role of PET/CT in the characterization of
skeletal lesions. For example, the gold standard for staging of osteosarcoma with suspected
bone metastasis is MRI. However, TB-PET/CT may play a major role in this domain in the
near future.

A concern with is that the ability to detect smaller and less intense foci of uptake may result
in reduced specificity, since optimal methods of interpreting such findings have yet to be
established (Fig. 6). Further experience is needed to clarify this concern.

High-quality, high-resolution TB-PET/CT may be of great value in assessing cardiovascular
disorders that involve diffuse segments of the cardiovascular system throughout the
body.17:18 This could be particularly relevant in assessing inflammatory vasculitis and in
detecting systemic clot formation in the venous system throughout the body.

Total-body Dynamic Imaging

TB PET/CT allows for simultaneous full body coverage for most of the pediatric population
and therefore allows total body dynamic imaging. This is the first time that time activity
curves of each part of the body can be obtained at the same time. Necessarily, the application
space for this new technique is currently unexplored. However, a number of potential new
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uses can be considered. For example, kinetic modeling with perfusion agents could be used
to determine quantitative measures of perfusion throughout the body and this may have
value in diseases where multiple organs are involved, e.g. Duchenne’s 1920 or sickle cell
disease 21.

Time-activity curves could be assessed to determine dosimetry and to predict on and off-
target effects for theranostics, and possibly also for therapeutics. This is possible with
standard PET/CT but would substantially benefit from TB PET/CT. Time-activity curves
could also be used to perform network analyses for both normal physiologic and pathologic
processes, allowing elucidation of physiological connections between different organs. Such
information could be used as a diagnostic tool, or to monitor toxicity during chemotherapy
or immunotherapy. In metastatic cancer, time activity curves and parametric image derived
using kinetic models could be correlated with therapy response and may prove useful to for
the separation of responders and non-responders.

The ability to simultaneously study the kinetic interplay between organs, may lead to better
understanding of coordination between the brain function and other physiological activities.
This could substantially enhance our knowledge about the critical role of the central nervous
system in effective function of many organs including the cardiopulmonary, gastrointestinal
and hematopoietic systems.

Global Disease Assessment

PET imaging is the only modality that allows for assessment of the global disease activity
in the entire body system. As such, total body imaging will make it possible to generate

a single value that represents the overall ongoing disease process throughout its course at
baseline and following therapeutic interventions.”22 This potential applies to both benign
and malignant disorders and will substantially enhance the role of PET imaging in the day-
to-day practice of medicine and research domains in the future. Global disease assessment
has been employed to assess patients with focal and diffuse disease processes that involve
multiple organs.23-30 In particular, this approach will be of great importance in pediatric
patients with hematologic malignancies and diseases that affect the musculoskeletal system,
such as metabolic bone disorders and inflammatory bone abnormalities. Therefore, we
predict that TB PET/CT will have a major impact on the management of both benign and
malignant disorders that are systemic in nature.®

Conclusion

In the current diagnostic paradigm, the substantial physical sensitivity gain is the main
advantage of TB PET/CT. Therefore, it is up to the imaging community to tailor protocols
that take advantage of this unique innovation as it relates to the needs of the pediatric
population. However, the paradigm-shifting promise of TB PET/CT really lies in its
capability to perform dynamic, delayed and low-dose imaging, which have the potential

to vastly increase the range of diseases and pathologies that can be investigated or managed
using molecular imaging.

PET Clin. Author manuscript; available in PMC 2021 December 07.
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During the coming years, we expect that pediatric imaging specialists will develop and
adopt innovative molecular imaging protocols that will lead to substantial enhancement
of the understanding and management of serious and/or chronic diseases in the pediatric

population.
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Figure 1:
Female, 41 year-old, 53 kg healthy volunteer subject. Sagittal slice images at the level of

the aortic arch were obtained at 40 minutes (a), 90min (b), 3 h (c), 6 h (d), and 9 h (e)

after injection of 10mCi of 18F-FDG. The aorta demonstrates the decreasing blood pool
activity over time, leading to progressively higher signal to noise at the level of the aortic
wall (arrows) on delayed images. Also brain and liver uptake (star) decreases on delayed
images. However, the noise increases on delayed images leading to image quality at 9 hours
comparable to image quality of a conventional PET/CT scan obtained at 60 minute.
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Figure2:
Healthy volunteer, total body PET/CT 20 minute acquisition at 40 minutes, 3, 6 and 9 hours

after administration of 10 mCi of 18F-FGD. Cuts were selected at the orbit level (a-d), basal
ganglia (e-j) and upper aspect of the ventricles (k-n). Brain uptake slowly decreases over
time; the increase noise level starts to become clinically evident at 9 hours.
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Figure 3:
Several small anatomic structures are nicely demonstrated in these healthy volunteers

scanned at 90 minutes after administration of 10 mCi of 18F-FDG. The spinal cord (arrow
and arrow ahead) is well seen including the conus midollaris at the level of the upper lumbar
spine on both the sagittal images (a) and axial images (b); The adrenals glands (arrows and
arrow heads) are visualized with uptake higher than liver background in presented coronal
(c) and axial images (d). The pituitary gland (arrow and arrow ahead) has FDG uptake
higher than liver background and is visualized in the sagittal (¢) and in the axial (f) images.
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End of treatment scan 1 year follow up 15 months follow up

Figure 4
18 year-old male with right testicular rhabdomyosarcoma. PET images of the left

retroperitoneal mass (red arrow) are shown on the top (a-c), CT correlated are seen on

the bottom (d-f); Figure a and d from conventional PET/CT scanner obtained after treatment.
Follow up scan obtained one year later using TB-PET/CT (b and €) shows decrease in

size of retroperitoneal disease but increase focal uptake in this area (arrow) without any
clinical suspicion of disease recurrence. In this clinical scenario, PET/CT finding non
consistent with clinical picture, a close follow up scan in 3 months was obtained (c and

f) demonstrating extensive retroperitoneal disease and confirming the prior TB scan of
recurrent disease.
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Figure5:
19 year-old female with history of right adrenal gland adrenocorticocarcinoma with several

bone metastases. First PET/CT was obtained after chemotherapy. A very subtle area of
lucency surrounded by minimal sclerosis (arrow) correlates with area of photopenia on the
correlating PET images. These findings probably represent response to treatment. The high
spatial resolution and improved signal-to-noise ratio allow for detection of small photopenic
region which can be often useful for therapy response.
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LT INGUINAL LN BX FNA

Figure6:
47 year old female affected by diffuse large B-cell lymphoma; axial image through the

lower pelvic region was acquired 90 minutes after injection of 5 mCi of 18F-FDG,; this
image demonstrates focally increased uptake in the left inguinal region (SUV max of 5.4). In
addition, bilateral mildly FDG avid lymph nodes were noted (arrowheads). The highly FDG
avid left inguinal lymph node was demonstrated to be reactive in nature by ultrasound and
fine needle aspiration (image b).
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